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The maximum r e t u r n - t o - e a r t h  t i m e  from a p o i n t  on t h e  
t r a n s l u n a r  t r a j e c t o r y  f o r  t h e  Apol lo  1 4  m i s s i o n ,  assuming a LM 
d e s c e n t  p r o p u l s i o n  a b o r t  maneuver, i s  approximate ly  1 1 0  hour s .  
Th i s  o c c u r s  f o r  an  a b o r t  a t  37 hours  ground e l a p s e d  t i m e  (GET) 
from launch .  If  a AV l i m i t  of 8000 f p s  i s  employed f o r  a b o r t s  
performed u s i n g  t h e  SPS,  t h e  maximum r e t u r n  t i m e  i s  o n l y  4 0  hour s  
f o r  an a b o r t  a t  a GET of 67  hour s .  The 8000 f p s  l i m i t  i s  assumed 
by MSC as a g u i d e l i n e  so  t h a t  a large midcourse reserve i s  
main ta ined .  

Aborts  t o  nominal e a r t h  e n t r y  c o n d i t i o n s  are p o s s i b l e  
u s i n g  bo th  S M  and LM RCS fo r  abou t  2 5  hours  a f t e r  t h e  h y b r i d  
maneuver (up t o  55 hours  G E T ) .  
t h e  h y b r i d  maneuver it i s  p o s s i b l e  t o  o b t a i n  nominal e n t r y  con- 
d i t i o n s  u s i n g  t h e  S M  RCS only.  

For a s h o r t  p e r i o d  j u s t  a f t e r  

Return t o  e a r t h  from l u n a r  o r b i t  may or may n o t  be 
p o s s i b l e  u s i n g  t h e  LM descen t  p r o p u l s i o n  p r i o r  t o  DO1 depending 
on t h e  p rev ious  h i s t o r y  of SPS p r o p e l l a n t  usage .  The d e s c e n t  
p l u s  a s c e n t  p r o p u l s i o n  can p rov ide  a r e t u r n  t o  e a r t h  any t i m e  
d u r i n g  t h e  l u n a r  o r b i t  s t a y  p r i o r  t o  powered d e s c e n t .  
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Two t y p e s  of a b o r t  t ra jector ies  a r e  c o n s i d e r e d  f o r  
t h e  Fra Mauro m i s s i o n  t o  be launched on Janua ry  3 1 ,  1971: mini -  
mum AV and minimum r e t u r n  t i m e .  Minimum-AV a b o r t  t r a j e c t o r i e s  
are des igned  from any p o i n t  on t h e  nominal t r a j e c t o r y  such  t h a t  
a minimum e x p e n d i t u r e  of p r o p e l l a n t s  p l a c e s  t h e  s p a c e c r a f t  on  a 
r e t u r n - t o - e a r t h  t r a j e c t o r y  meeting t h e  r e e n t r y  r equ i r emen t s .  
Minimum r e t u r n - t i m e  a b o r t  t ra jec tor ies ,  on t h e  o t h e r  hand, are 
computed such  t h a t  t h e  t i m e  from t h e  abort  p o i n t  t o  r e e n t r y  i s  
minimized f o r  some maximum AV ava i l ab le .  

From t r a n s l u n a r  i n j e c t i o n  ( T L I )  t o  t h e  h y b r i d  maneuver 
( T L I  + 28 h o u r s ) ,  t h e  Apollo 1 4  s p a c e c r a f t  i s  nominal ly  on a free 
r e t u r n  t r a j e c t o r y .  If no a d d i t i o n a l  maneuver i s  made, t h e  space-  
c r a f t  w i l l  r e t u r n  t o  e a r t h  a t  1 6 8  hours  GET. A f t e r  t h e  h y b r i d  
maneuver i s  execu ted  (72.5 f p s ) ,  t h e  s p a c e c r a f t  i s  nominal ly  on  
a non-free r e t u r n  t r a j e c t o r y  and from t h i s  p o i n t  on,  i f  a c o n t i n -  
gency shou ld  ar ise ,  a p r o p u l s i v e  maneuver would have t o  be made 
t o  o b t a i n  a s a f e  e a r t h  r e t u r n .  

Minimum-AV Aborts 

Three t y p e s  of  minimum-AV a b o r t s  
r e t u r n  are cons ide red :  

1. 

2 .  

3 .  

possible  

Maneuver t o  place t h e  s p a c e c r a f t  

t o  a c h i e v e  a safe 

on a t ra jectory 
which r e t u r n s  t o  an  u n s p e c i f i e d  l a n d i n g  p o i n t  on 
e a r t h .  

Maneuver t o  p l a c e  t h e  s p a c e c r a f t  on a t r a j e c t o r y  
which r e t u r n s  t o  an  u n s p e c i f i e d  l a n d i n g  p o i n t  on 
e a r t h  and make  a second maneuver f i v e  hour s  a f t e r  
p e r i c y n t h i a n  t o  a s s u r e  l a n d i n g  i n  t h e  m i d p a c i f i c  
r ecove ry  area a t  170' W l o n g i t u d e .  

S t a y  on  t h e  non-free r e t u r n  t r a j e c t o r y  through 
p e r i c y n t h i a n  and make a maneuver t o  p l a c e  t h e  space-  
c r a f t  o n  a sa fe  e a r t h  r e t u r n  t r a j e c t o r y  l a n d i n g  i n  
t h e  m i d p a c i f i c  recovery area a t  170 '  W l o n g i t u d e .  

The f i r s t  case above r e p r e s e n t s  t h e  minimum AV a b o r t  
s i n c e  adding  t h e  c o n s t r a i n t  t o  l a n d  a t  a s p e c i f i c  p o i n t  

w i l l  always r e s u l t  i n  a d d i t i o n a l  AV cost. 
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F i g u r e  1 i l l u s t r a t e s  t h e  AV c o s t s  and system capa- 
b i l i t i e s  f o r  t h e s e  t h r e e  s t r a t e g i e s  f o r  minimum-AV a b o r t s .  

The c o s t  of  t h e  a b o r t  maneuver i n c r e a s e s  as t h e  t i m e  
e l a p s e d  from t h e  h y b r i d  maneuver i n c r e a s e s .  The splashdown 
p o i n t s  of t h e  u n r e s t r i c t e d - l a n d i n g - p o i n t  t ra jector ies  v a r y  
c o n t i n u o u s l y  from 165" W fo r  an a b o r t  a t  t w o  hours  a f t e r  t h e  
h y b r i d  maneuver t o  15O W fo r  a b o r t s  c l o s e  t o  p e r i c y n t h i a n .  I n  
t h e  r e g i o n  of  76.3-78.3 hours  GET, a minimum-AV a b o r t  would 
p l a c e  t h e  l a n d i n g  on South America. However, t h e  l a n d i n g  p o i n t  
cou ld  be s h i f t e d  t o  produce a w a t e r  l a n d i n g  by subsequen t  t ra-  
j e c t o r y  c o r r e c t i o n s ,  by expending more AV t h a n  r e q u i r e d  by t h e  
minimum maneuver, o r  s imply by d e l a y i n g  t h e  maneuver. 

A f t e r  t h e  h y b r i d  maneuver t h e  S M  RCS AV c a p a b i l i t y  i s  
approximate ly  e q u a l  t o  t h e  minimum a b o r t  AV o f  75 f p s .  Th i s  
res t r ic ts  t h e  S M  RCS a b o r t  c a p a b i l i t y  t o  a s h o r t  p e r i o d  imme- 
d i a t e l y  a f t e r  t h e  h y b r i d  maneuver. The RCS AV c a p a b i l i t y  i s  
based  upon t h e  r e s u l t s  of  a p r e v i o u s  s t u d y  (Reference  1) f o r  
which t h e  computat ion inc luded  a n  a l lowance  f o r  p o s t - a b o r t  
c o u r s e  c o r r e c t i o n s  and a t t i t u d e  c o n t r o l .  The 75 f p s  c a p a b i l i t y  
r e p r e s e n t s  abou t  75 p r e c e n t  of t h e  t o t a l  RCS u s a b l e  p r o p e l l a n t .  
The LM RCS (wi th  t h e  APS tank i n t e r c o n n e c t  c l o s e d )  can p r o v i d e  
approximate ly  56 f p s  w i t h  a f o u r - j e t  t r a n s l a t i o n  bu rn  l a s t i n g  
abou t  425 seconds .  With t h e  t ank  i n t e r c o n n e c t  open t h e  APS 
p r o p e l l a n t  may be  used by t h e  RCS.  However, t h e r e  are the rma l  
c o n s t r a i n t s  on t h e  LM d e s c e n t  s t a g e  and on t h e  CSM due t o  plume 
impingement. The maximum a l lowab le  con t inuous  t h r u s t e r  opera-  
t i o n  i s  abou t  500 seconds wi th  accumulated t i m e  n o t  t o  exceed 
1000 seconds .  I f  bo th  75 f p s  o f  S M  RCS and 56 f p s  of  LM RCS AV 
c a p a b i l i t y  w e r e  u sed ,  RCS a b o r t  c a p a b i l i t y  would be a v a i l a b l e  
u n t i l  a t  l e a s t  25 hours  a f t e r  t h e  h y b r i d  maneuver (55 hour s  G E T ) .  
The DPS AV a v a i l a b l e  on t h e  t r a n s l u n a r  l e g  is  %2000  f p s .  R e -  
t a i n i n g  a 1 0 0  f p s  midcourse a l lowance ,  t h i s  AV p r o v i d e s  r e t u r n -  
t o - e a r t h  c a p a b i l i t y  u n t i l  9 7  hour s  GET f o r  docked CSM + LM con- 
f i g u r a t i o n  i n  t h e  case of  t h e  u n r e s t r i c t e d  l a n d i n g  p o i n t  and 
95 hour s  GET f o r  l a n d i n g  i n  t h e  m i d p a c i f i c .  

Minimum-Time R e  t u r n s  

I n  t h e  e v e n t  of an emergency which r e q u i r e s  t h e  
q u i c k e s t  s a f e  r e t u r n  t o  e a r t h ,  t h e r e  are several  a b o r t  modes 
a v a i l a b l e .  All are dependent on t h e  a v a i l a b l e  p r o p u l s i o n  
sys tems and t h e  GET a t  which t h e  minimum-time r e t u r n  i s  i n i -  
t i a t e d .  Four s t r a t e g i e s  f o r  f a s t  e a r t h  r e t u r n s  f o r  v a r i o u s  
AV c a p a b i l i t i e s  were cons idered:  

1. A d i r e c t  r e t u r n  t o  e a r t h  w i t h o u t  go ing  around t h e  
moon. 
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2. 

3. 

4. 

A minimum AV maneuver t o  p u t  s p a c e c r a f t  on a f r e e  
r e t u r n  t r a j e c t o r y  a t  t h e  t i m e  o f  t h e  emergency and 
a second maneuver a f t e r  p e r i c y n t h i a n  t o  speed  up 
t h e  v e h i c l e .  

S t a y  on pos t -hybr id  t r a j e c t o r y  u n t i l  a f t e r  p e r i c y n -  
t h i a n  and then  make a maneuver t o  r e t u r n  t o  e a r t h  
a s  q u i c k l y  as p o s s i b l e .  

S t a y  on t h e  i n i t i a l  post-TLI f r e e  r e t u r n  t r a j e c t o r y  
and speed  up a f t e r  p a s s i n g  p e r i c y n t h i a n .  

Opt ions  ( 2 )  and ( 3 )  are a p p l i c a b l e  on ly  a f t e r  t h e  
h y b r i d  maneuver. Option ( 4 )  i s  a p p l i c a b l e  o n l y  up t o  t h e  h y b r i d  
maneuver. Option (1) i s  a p p l i c a b l e  b e f o r e  and a f t e r  t h e  h y b r i d  
maneuver. 

The maximum AV c a p a b i l i t i e s  of  t h e  v a r i o u s  p r o p u l s i o n  
systems t h a t  might  be a v a i l a b l e  f o r  an  a b o r t  are summarized i n  
Table  I .  These AV c a p a b i l i t i e s  i n c l u d e  i n  u s a b l e  p r o p e l l a n t  
t h e  3a d i s p e r s i o n  p r o p e l l a n t  c u r r e n t l y  a l l o t t e d  f o r  t h e  DPS and 
t h e  SPS. To o b t a i n  an estimate o f  t h e  r e t u r n - t o - e a r t h  trajec- 
to r ies  t h a t  would always be a c h i e v a b l e ,  an a l lowance  f o r  m i d -  
c o u r s e  and d i s p e r s i o n s  w a s  s u b t r a c t e d  from t h e  c a p a b i l i t i e s  
l i s t ed .  When t h e  r e t u r n - t o - e a r t h  maneuvers w e r e  c a l c u l a t e d ,  
1 0 0  f p s  w a s  a l l o t t e d  f o r  midcourse c o r r e c t i o n s  and t h e  nominal 
mi s s ion  d i s p e r s i o n  p r o p e l l a n t s  w e r e  n o t  cons ide red  u s a b l e .  For 
t h e  cases p l o t t e d  i n  F igu re  2 t h e  AV c a p a b i l i t i e s  become 1860 f p s  
f o r  DPS, 5120 f p s  f o r  SPS and 1 1 , 6 2 6  f p s  f o r  SPS p l u s  DPS. The 
data show t h e  minimum r e t u r n - t o - e a r t h  t i m e s  f o r  t h e s e  t h r e e  pro-  
p u l s i o n  c o n f i g u r a t i o n s .  The f i r s t  two cases r e t u r n  t h e  CSM and 
LM, t h e  l a s t  d rops  t h e  LM p r i o r  t o  per forming  t h e  SPS maneuver. 
These cor respond t o  cases 1, 2 and 4 r e s p e c t i v e l y  i n  Tab le  I .  

Examination of  F igu re  2 shows t h a t  t h e  minimum r e t u r n  
t i m e  f o r  d i r e c t  a b o r t s  i n c r e a s e s  as a f u n c t i o n  o f  GET w h i l e  
r e t u r n  t i m e  d e c r e a s e s  f o r  c i rcumlunar  a b o r t s .  Thus t h e r e  i s  a 
p o i n t  a t  which t h e  r e t u r n  t i m e  i s  t h e  same f o r  t h e  c i r cumluna r  
and t h e  d i r e c t  a b o r t .  This  p o i n t  i s  d e s i g n a t e d  i n  what  follows 
as t h e  c r i t i c a l  p o i n t .  

The c r i t i c a l  p o i n t  f o r  t h e  DPS a b o r t  case o c c u r s  a t  
37 hours  GET w i t h  a cor responding  r e t u r n - t o - e a r t h  t i m e  o f  
1 1 0  hour s .  For  t h e  SPS case  t h e  c r i t i c a l  p o i n t  o c c u r s  a t  
59  hours  GET w i t h  a r e t u r n - t o - e a r t h  t i m e  of 58 hour s .  The 
SPS + DPS case y i e l d s  a c r i t i c a l  p o i n t  w i t h i n  t h e  l u n a r  s p h e r e  
o f  i n f l u e n c e  a t  a b o u t  7 4  hours  GET and p r o v i d e s  a maximum r e t u r n  
t i m e  o f  30 hour s .  
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An a d d i t i o n a l  curve i s  shown i n  F i g u r e  2 f o r  a AV 
c a p a b i l i t y  of  8000 f p s .  This  cu rve  i s  shown a s  a l i m i t  based on  
in fo rma l  i n f o r m a t i o n  r ece ived  from t h e  F l i g h t  C o n t r o l  D i v i s i o n  
a t  MSC (Reference  2 ) .  T h i s  l i m i t  would r e s e r v e  a AV of about  
1800 f p s  f o r  midcourse c o r r e c t i o n s  i n  t h e  c a s e  of SPS a b o r t s  
performed a f t e r  j e t t i s o n i n g  t h e  l u n a r  module ( C a s e  5 i n  Table  I). 
The r e a s o n i n g  i s  t h a t  a d i r e c t  a b o r t  would probably  be made i n  
a d e t e r i o r a t i n g  s i t u a t i o n  and l a r g e  d i s p e r s i o n s  could  r e s u l t ,  
p a r t i c u l a r l y  i f  a PGNCS problem w e r e  i n v o l v e d ,  hence t h e  l a r g e  
midcourse a l lowance  i s  provided .  

Aborts  f o r  minimum r e t u r n  t i m e  a r e  c o n s t r a i n e d  by t h e  
maximum a l l o w a b l e  r e e n t r y  v e l o c i t y .  The e n t r y  v e l o c i t y  l i m i t  
i s  e s t a b l i s h e d  i n  t h e  RTCC a t  37,500 f p s .  I n  a d d i t i o n ,  t h e  on- 
board program f o r  computing d i r e c t  a b o r t s  (P-37) w i l l  n o t  com- 
p u t e  a t r a j e c t o r y  r e s u l t i n g  i n  an  e n t r y  v e l o c i t y  above 38,000 f p s .  
The lower curve  i n  F igu re  2 cor re spond ing  t o  t h e  use  of t h e  DPS 
p l u s  SPS f o r  d i rect  a b o r t s  does n o t  r e s u l t  i n  a n  e n t r y  v e l o c i t y  
a s  l a r g e  a s  37,500 f p s ,  t hus  p r o p u l s i o n  i s  n o t  c o n s t r a i n e d  f o r  
d i r e c t  a b o r t s .  Circumlunar  a b o r t s ,  however, c a n  r e s u l t  i n  e n t r y  
v e l o c i t i e s  g r e a t e r  t h a n  37,500 f p s  u s i n g  all a v a i l a b l e  p r o p u l s i o n .  
Th i s  l i m i t  c o n s t r a i n s  a b o r t s  employing p o s t - p e r i c y n t h i a n  speed-up 
maneuvers t o  abou t  8000  f p s  maximum. 

E a r t h  l a n d i n g  p o i n t s  f o r  t h e  m i n i m u m  t i m e  r e t u r n s  
sweep a c r o s s  t h e  major  landmasses:  A u s t r a l i a ,  A f r i c a ,  and 
South America. Thus,  i n  some c a s e s  t o  avo id  l and  l a n d i n g s  
a s l i g h t l y  l o n g e r  t h a n  minimum r e t u r n  t i m e  must be  employed or  
t h e  a b o r t  must be  de l ayed .  For a maximum a b o r t  AV of 8000 f p s  
t h e  r e q u i r e d  d e l a y  can be a s  long  as t w o  h o u r s .  

Aborts  From Lunar O r b i t  

The AV costs of  a b o r t s  t o  ear th  e n t r y  from l u n a r  o r b i t  
are  somewhat more expens ive  t h a n  t h e  a b o r t s  from t r a n s l u n a r  
c o a s t .  I n  t h i s  c a s e  t h e  energy expended d u r i n g  LO1 must be  ex- 
pended a g a i n  t o  d e p a r t  from t h e  v i c i n i t y  of t h e  moon. The major  
e v e n t s  i n  l u n a r  o r b i t  f o r  t h e  nominal Apol lo  14 m i s s i o n  are sum- 
marized below: 

1. LO1 1 - s p a c e c r a f t  i n  a 60 x 170 nm o r b i t  
(82:38 GET) 

2. DO1 - s p a c e c r a f t  i n  a 6 0  x 8 nm o r b i t  (86:56 GET) 

3. S e p a r a t i o n  (104:28 GET) 

4 .  C i r c u l a r i z a t i o n  - 6 0  x 60  nm o r b i t  (105:46 GET) 

5. Landing (108:53 GET) 
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6 .  CSM p l a n e  change (118:09 GET) 

7 .  Rendezvous ( 1 4 4 : l O  GET) 

8. Nominal T E I  ( 1 4 9 : 1 4  GET) 

F i g u r e  3 i l l u s t r a t e s  t h e  r e t u r n - t o - e a r t h  AV cost  (or  T E I  
cost)  as a f u n c t i o n  of GET. The v e h i c l e  remains i n  a 60 x 170  nm 
o r b i t  f o r  abou t  f o u r  hour s .  I t  i s  d u r i n g  t h i s  p e r i o d  t h a t  t h e  
TEI  cost i s  t h e  lowest. The DPS a l o n e  i s  b a r e l y  capab le  of  pro-  
v i d i n g  a r e t u r n  t o  e a r t h  du r ing  t h i s  p e r i o d  a s  shown by t h e  DPS 
c a p a b i l i t y  l i n e .  I n  t h e  c a s e  of aborts p r i o r  t o  LO1 an allow- 
ance  w a s  s u b t r a c t e d  f o r  midcourse c o r r e c t i o n s  and d i s p e r s i o n s ,  
however, f o r  a b o r t s  from l u n a r  o r b i t  t h e  maximum a v a i l a b l e  AV i s  
shown. A f t e r  t h e  DO1 maneuver t h e  AV costs t o  ge t  o u t  of  o r b i t  
i n c r e a s e  roughly by a n  amount e q u a l  t o  t h e  DO1 maneuver o r  200  f p s .  
A t  t h e  s a m e  t i m e ,  because  of t h e  r e d u c t i o n  i n  t o t a l  s p a c e c r a f t  
weight  by t h e  p r o p e l l a n t  expended f o r  DO1 t h e  DPS c a p a b i l i t y  i n -  
c r e a s e s  by abou t  6 5  f p s .  A f t e r  t h e  D O 1  maneuver has  been p e r -  
formed, DPS r e t u r n  from l u n a r  o r b i t  i s  no l o n g e r  p o s s i b l e .  A 
s m a l l  maneuver w i t h  t h e  APS or  t h e  S M  RCS and LM RCS cou ld  pro-  
v i d e  t h e  a d d i t i o n a l  AV r e q u i r e d ,  which i s  on t h e  order of 130 f p s .  

A f t e r  t h e  c i r c u l a r i z a t i o n  maneuver ( e s t a b l i s h i n g  a 
6 0  nm c i r c u l a r  o r b i t ) ,  t h e  T E I  cost  d rops  b u t  a f te r  t h e  CSM 
p l a n e  change T E I  c o s t  a g a i n  i n c r e a s e s .  The DPS p l u s  APS pro-  
p u l s i o n  w i l l  p rov ide  enough AV (%3900 fps )  c a p a b i l i t y  f o r  r e t u r n -  
t o - e a r t h  a t  any t i m e  i n  l u n a r  o r b i t *  as i l l u s t r a t e d  by t h e  T E I  
costs shown i n  F i g u r e  3.  The  AV c a p a b i l i t i e s  f o r  t h e  v a r i o u s  
p r o p u l s i o n  systems a f te r  t h e  performance of  LO1 a r e  g i v e n  i n  
Table I .  

Summarv 

The minimum AV a b o r t  c a p a b i l i t y  and t h e  m i n i m u m  r e t u r n  
t i m e  c a p a b i l i t y  r e p r e s e n t  t h e  ex t remes  of r e t u r n - t o - e a r t h  t i m e  
available d u r i n g  t h e  miss ion .  I n  t h e  e v e n t  of  a cont ingency  

*Nominally LM s e p a r a t i o n  and d e s c e n t  b e g i n  22 hours  
a f t e r  LO1 and t h e  LM p r o p u l s i o n  i s  no l o n g e r  a v a i l a b l e  f o r  e a r t h  
r e t u r n .  I t  i s  p o s s i b l e  i f  an a b o r t  w e r e  r e q u i r e d  s h o r t l y  a f t e r  
t h e  s t a r t  of powered descent, t h a t  rendezvous cou ld  be performed 
and s u f f i c i e n t  DPS p l u s  APS p r o p u l s i o n  remain f o r  t h e  T E I  maneuver. 
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d u r i n g  a mis s ion  a cont inuous  r ange  of  r e t u r n - t o - e a r t h  t i m e s  
between t h e s e  boundar i e s  would be ava i lab le .  The s p e c i f i c  
choice would have t o  depend on real-time fac tors  such  as cho ice  
of l a n d i n g  area, c o n d i t i o n  of spacecraft sys tems and t h e  condi -  
t i o n  of t h e  c r e w .  

D .  R .  Anselmo 

2 0 13-k:- s l r  ug- M .  K .  Baker 

Attachments 
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